The photoactivated adenylate cyclase (PAC) from the photosynthetic cyanobacterium Oscillatoria acuminata (OaPAC) detects light through a flavin chromophore within the N-terminal BLUF domain. BLUF domains have been found in a number of different light-activated proteins, but with different relative orientations. The two BLUF domains of OaPAC are found in close contact with each other, forming a coiled coil at their interface. Crystallization does not impede the activity switching of the enzyme, but flash cooling the crystals to cryogenic temperatures prevents the signature spectral changes that occur on photoactivation/deactivation. High-resolution crystallographic analysis of OaPAC in the fully activated state has been achieved by cryocooling the crystals immediately after light exposure. Comparison of the isomorphous light-and dark-state structures shows that the active site undergoes minimal changes, yet enzyme activity may increase up to 50-fold, depending on conditions. The OaPAC models will assist the development of simple, direct means to raise the cyclic AMP levels of living cells by light, and other tools for optogenetics.
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cAMP | BLUF domain | optogenetics | photoactivation | allostery L iving organisms are able to respond to visible light through photoreceptor proteins carrying a variety of different chromophores such as flavins. The blue light using flavin (BLUF) domain is found in a wide variety of such proteins, from both eukaryotes and prokaryotes (1) , and a number of them have come under intense scrutiny as possible tools for use in optogenetics and synthetic biology (2) . BLUF domains were first discovered in the unicellular flagellate Euglena gracilis (3) and the purple bacterium Rhodobacter sphaeroides (4), but genome sequencing has identified BLUF proteins in roughly a tenth of all bacterial species (5) . Some BLUF domains control the activity of an attached enzyme domain, and others change their affinity for a cognate repressor protein. BLUF domains are generally found in homodimers, but their relative orientation is found to be very different in different structures. In BlrP1, a light-regulated cyclic nucleotide phosphodiesterase from Klebsiella pneumonia (6, 7), the two BLUF domains are not in mutual contact, and photoactivation produces a fourfold increase in enzyme activity. The photoactivated adenylate cyclase (PAC) from the photosynthetic cyanobacterium Oscillatoria acuminata (OaPAC) is a homodimer, with each subunit of 366 residues carrying an N-terminal BLUF domain and a C-terminal class IIIb adenylate cyclase (AC) domain (8) . OaPAC shows a much stronger activity increase on light exposure than BlrP1, and its structure suggests that the two BLUF domains can function more cooperatively through a mutual interface. OaPAC shares 57% sequence identity with bPAC from the soil bacterium Beggiatoa (9), which has also been recognized as a potential optogenetics device (10) .
Currently 17 crystal structures of BLUF domains have been deposited in the Protein Data Bank (PDB), representing six unique proteins that carry either flavin adenine dinucleotide (FAD) or flavin mononucleotide (FMN) as the chromophore (a sequence alignment is shown in SI Appendix, Fig. S1 ). The first crystal structure from this family, TePxD (Tll0078), showed that BLUF domains bind the chromophoric flavin between two α-helices, which themselves lie against a five-stranded β-sheet (11) . The known structures show roughly 20 residues are highly conserved over the ferredoxin-like fold, which is ≈100 residues long. In OaPAC, a helix on the opposite face of the β-sheet forms a coiled coil with its symmetry mate in the dimer, so that any communication between the two bound FMN molecules must occur through several layers of secondary structure (8) . Conserved tyrosine, glutamine, and methionine residues are found at the flavin binding site of all BLUF domains, equivalent to Tyr-6, Gln-48, and Met-92 in OaPAC. Numerous studies have highlighted the importance of the tyrosine for initiating the photocycle (12) (13) (14) and the glutamine for signal transduction (15) (16) (17) (18) (19) . Some BLUF models show a very different position of the methionine (20) , displaced by a partly conserved tryptophan residue (Trp-90 in OaPAC) found near the start of the fifth β-strand. Of the known BLUF structures, only BlrP1 is missing this tryptophan, and has threonine instead (SI Appendix, Fig. S1 ). The relevance of the various conformations of the conserved methionine and glutamine residues found in different BLUF domain models remains the subject of debate, fueled by a wealth of data that are by no means entirely consistent.
Significance
We have previously shown that photoactivated adenylate cyclase from Oscillatoria acuminata (OaPAC) is stable and functional in human cells and can be used to raise intracellular cAMP levels by exposure to blue light. Two prior crystal structures of OaPAC in the dark state, and mutagenesis experiments, indicate that the activation mechanism involves only very small movements, but we have now succeeded in refining the structure of the light-activated protein to high resolution, showing in molecular detail the changes at the chromophore on light exposure and allowing precise comparison of the structure in the light-exposed and dark states. The differences between these structures indicate the very small but concerted shifts that trigger enzyme activity tens of ång-stroms from the chromophore.
On photoexcitation, the buried isoalloxazine ring shows a red shift of about 10 nm in the principal visible absorption peak (4) . Different BLUF proteins show very different rates of return to the dark state, which occurs within a few seconds in some cases and a few minutes in others (4, 21) . FTIR showed that light exposure weakens the carbonyl bonds at C2 and C4 of the flavin, but suggested much larger changes in the protein itself (21, 22) . Stronger hydrogen bonding between the flavin O4 atom and the neighboring glutamine residue can explain the spectral shifts (13, (21) (22) (23) and is reflected in changes at the exterior of the BLUF domain, near the last β-strand and the surface tryptophan. This change leads to different downstream effects in different proteins; for example in BlrP1, it affects the coordination of essential metal ions at the active site of the neighboring domain (7) . The BLUF domain of OaPAC (residues 1-100) shows similarities to BlrP1, but the mechanism of signal transmission to the active site must be entirely different because it involves mutual interactions of the two BLUF domains (8) . The crystal structure of OaPAC in the dark state (PDB 4YUS) revealed that the BLUF domains sit at one end of a coiled coil (residues 103-125), with the AC domains at the other end (residues 126-350). The two active sites are found over 45 Å from the FMN chromophores, which are themselves about 35 Å apart. Site-directed mutagenesis further suggested that the BLUF domains are able to elicit enzyme activity via the central coiled coil with only minor conformational changes (8) . However, the lack of a crystal structure of the photoactivated form restricted the conclusions that could be drawn regarding the molecular changes at the flavin chromophore and how these might be communicated to the active site. Here we describe a high-resolution crystal structure of photoactivated OaPAC, isomorphous with the darkstate structure.
Results
Spectroscopic Analysis of Crystal Forms. A comparison of the spectra of OaPAC in solution at 22°C, before and after (blueenhanced white) light exposure, shows the 10-nm red shift common to BLUF proteins in the absorption maximum near 450 nm (Fig. 1A) . Crystals of OaPAC cannot be grown while the protein is exposed to blue light capable of stimulating enzyme activity, but crystals grown in the dark are capable of photoactivation. OaPAC shows almost identical visible spectra in the crystal and in solution, with the maximum change on blue light exposure occurring at 492 nm on light exposure (Fig. 1B) . The differences between the spectra with or without blue light stimulation are consistent with earlier results showing that crystallization does not impede photoactivation. We have now succeeded in cryocooling OaPAC crystals immediately after a 20-s exposure to intense blue light, and the absorption spectra of two crystals, with and without photoactivation before cryocooling to −173°C, are shown in Fig. 1C . The spectra shown in Fig. 1C were stable for a period of weeks. Absorption at 492 nm was used to monitor photoactivation and deactivation of a single crystal held at 22°C (Fig. 1D) , revealing an exponential change in OD 492 , with a halflife between 5 and 10 s, when blue-light stimulation was switched on or off. These changes were fully reversible, as evidenced by the agreement between the spectra before and after the kinetics measurement (Fig. 1D, Inset) . Also, a similar rate of activation was observed on reexposure to light, in agreement with earlier studies of the protein in solution. The crystal packing does not therefore prevent rapid stimulation by light or reversion to the dark state. Cryocooled crystals, however, are unable to undergo the allosteric switch triggered by light exposure, and prompt flash cooling preserves the state of the protein. Fig. 1A shows the same overall features as Fig. 1C , although the spectra measured for a solution of OaPAC are clearly broadened, so that the lesser peaks become mere shoulders. Fig. 1A closely mirrors Fig. 1B , so the broadening of the spectra can be attributed to the higher temperature rather than the crystallization. Similar temperature-dependent spectral changes have been reported for AppA (24) and Tll0078 (25) , both showing narrower absorption bands at lower temperatures.
An important point to note is that both the activation and deactivation processes of OaPAC are each described, within error, by a single exponential function that decays in seconds with no burst phase ( Fig. 1 E and F) . Monitored on this time scale, neither process apparently occurs via an intermediate state. AppA shows distinct biphasic kinetics of the light activation, with a fast phase occurring in submicroseconds and a slow phase in milliseconds (26) . Under the conditions used, the deactivation rate for the OaPAC crystal was 0.15 s
, and activation was roughly three times faster. Our approach using the OaPAC crystals and flashcooling technique is therefore able to trap the light-activated state with high yield, because 20 s of illumination produces 99.9% activation, and then a dead time of about 0.3 s during crystal cryocooling is expected to give less than 5% deactivation. Overall Structural Analysis. To confirm that the cryocooled crystals were fully activated, crystals were flash cooled after either 20-or 60-s exposure to blue light before X-ray diffraction data were collected at 1.6-and 1.8-Å resolution (SI Appendix, Table S1 ).
Comparison of the resulting crystal structures shows no significant changes, as expected from the rapid activation shown in Fig. 1E . The rmsd of the 350 Cα atoms of the single subunit in the asymmetric unit is 0.12 Å (long-vs. short-light exposure), whereas comparing the dark state model (PDB 4YUS) with the 20-s exposed structure, the rmsd is 0.32 Å. Because higher resolution (1.6 Å) was achieved with the crystal given shorter light exposure, this dataset was chosen as representative of the photoactivated state. The 2Fo-DFc electron density map is shown covering the flavin and surrounding residues in Fig. 2A , and hydrogen bonding between the protein and flavin is shown in the photoactivated and dark states in Fig. 2 B and C, respectively. Overlay of the 100 Cα atoms of the BLUF domain in the dark and light states yields an rmsd of 0.45 Å, with the greatest changes seen at the N terminus of helix α1 (around Gly-16), on the protein surface. This region also shows some differences between the two (20 vs. 60 s) lightexposed models (SI Appendix, Fig. S2 ), suggesting that the mobility at this point is not strongly connected to protein activation.
Structural Analysis of the BLUF Domain. Comparison of the high-and low-resolution dark-state OaPAC crystal structures described previously suggested that two absolutely conserved sidechains within 4 Å of the flavin, Asn-30 and His-70, move slightly (8). Here we are able to describe conformational differences that can confidently be associated with photoactivation rather than crystallization conditions and see no significant movement of these residues. The resolution of the dark-state and photoactivated OaPAC structures, however, is sufficient to demonstrate two important changes around the flavin on photoactivation (Fig. 2 B-D) . The first is found at Gln-48, which shows a rotation of about 40°about the Cγ-Cδ bond. Photoactivation moves the Ne2 atom of the glutamine away from N5 of the FMN and places it 2.6 Å from the carbonyl oxygen O4, compared with a distance of 3.1 Å found in the dark state. The Oe1 atom of Glu-48 maintains a hydrogen bond with N5, although it is marginally closer in the activated state. Overlay of the protein atoms shows that on photoactivation, the FMN moves further into the pocket by rotating ≈8°around an axis that lies very close to the C8 atom and is nearly perpendicular to the plane of the isoalloxazine ring (Fig. 2D) . The chromophore atom showing the greatest shift in this "protein frame of reference" is O2, which moves 0.7 Å. The rotation brings the flavin N3 and O4 atoms about 0.3 Å closer to the Oδ1 and Nδ2 atoms, respectively, of Asn-30, which itself remains static with reference to the binding site residues. These changes observed in OaPAC are consistent with the spectroscopic analysis of other BLUF domains, but clearly require a much smaller protein movement than the 180°rotamer flip of the glutamine that has been proposed previously (19, 20) . The second important sidechain movement on light exposure is at Met-92, neighboring Gln-48 (Fig. 2D) . Under blue light, Met-92 moves away from Gln-48, so that the Gln-48 Ne2-Met-92 Sδ hydrogen bond stretches in length from (dark state) 2.61 Å to β-sheet), which move only very slightly. Phe-87, on the opposite side of the β2 strand from Met-92, moves its sidechain at most 0.5 Å away from Gly-37, triggering concerted conformational changes by the sidechains of Trp-90 and Gln-93, and Arg-106B in the partner subunit ( Fig. 2 D-F) . Essentially the sidechain of Gln-93 replaces the indole ring in a small pocket next to Gly-37, allowing Gln-93 to form a hydrogen bond with the carbonyl oxygen of the glycine. Trp-90 undergoes only a 30°rotation about the Cγ-Cδ bond on photoactivation, whereas Gln-93 and Val-38 both undergo a flip of the rotamer to a less favored one (tp60 to pt20, and t to p). Trp-90 and Gln-93 are less well defined in the electron density map of the photoactivated form (Fig. 2E) , but the change of positions is still well established. The electron density for Arg-106 is poor in both darkstate and photoactivated models, but this residue may play a role in signal transduction from the BLUF domain. In the dark state, the sidechain of Arg-106B (at the start of the α3 helix) forms an intersubunit hydrogen bond with the carbonyl oxygen of Met-86. Once Trp-90 is displaced from its pocket by Gln-93, however, it attracts Arg-106B of the partner chain, which also then forms a hydrogen bond with Phe-103B of its own subunit (Fig. 2F) . Overlay of the BLUF domain before and after photoactivation shows no significant shift of any secondary structure element (Fig. 2G) , so that signal transduction occurs through the minor sidechain movements of a handful of residues near the BLUF domain C terminus.
Structural Analysis of the AC Domain. The 225 Cα atoms of the AC domain show an rms shift of 0.17 Å on photoactivation. The largest shift is found at Lys-314 in a surface loop, but there are no crystal contacts that can explain this change (SI Appendix, Fig.  S2 ). The only relative motion between superpositions of the BLUF and AC domains is a rotation of 1.3°and a screw translation of 0.13 Å. Photoactivation moves the AC domains only 0.14 Å farther apart (Fig. 2H) . The conformational changes are so small that difference-distance matrices are required to see any pattern ( Fig. 3 and SI Appendix, Fig. S3 ). In particular, Fig. 3 highlights the increased separation between the BLUF domain of one subunit and the AC domain of the other, which contrasts with the approach of Trp-90 toward Arg-106B. The active site shows no conformational changes of any significance.
To confirm the crystals are catalytically activated by light, crystals adjusted to dark conditions were exposed to light while soaking in a small volume of buffer containing 5 mM ATP and 5 mM manganese chloride. The crystals were removed from the liquid before the cAMP level was measured in the remaining buffer. As controls, crystals of similar size and shape were removed from the buffer before light exposure, and buffer alone was tested both before and after subsequent illumination (Fig. 4A) . Only the buffer that contained light-exposed crystals showed a significant level of cAMP (Fig. 4B) . Western blotting was carried out to confirm that the crystals did not dissolve during the experiment, so that all of the protein present was held within the crystal (Fig. 4C) . The presence of PEG 20000 in the crystal mother liquor reduces diffusion so that the enzyme activity of a static protein crystal in buffer cannot be readily compared with the protein dissolved in PEG-free buffer. The marked activity of the crystal, however, cannot be due to only a surface layer of relatively unhindered protein molecules and must result from activity throughout the crystal.
Discussion
We have freeze trapped OaPAC crystals in the photoactivated state. The methodology follows that of Jung et al. who studied the crystal structure of AppA 10 y ago (24) , but that protein showed an incomplete red shift in cryocooled crystals (24, 25) . OaPAC crystals show strong photoactivation and identical spectral properties to the protein in solution, so that the very subtle differences observed in the OaPAC structures make it unlikely that activation requires substantial conformational shifts.
The key glutamine residue is universally found in a position to form hydrogen bonds with the flavin and the conserved tyrosine, but previous crystal structures of BLUF domains have not generally been of high enough resolution to distinguish the oxygen and nitrogen atoms of the sidechain directly. This ambiguity has led to models in which photoactivation involves a tautomerization or flip of the glutamine sidechain (27) , so that in one state it donates a hydrogen bond to the tyrosine, but in the other, it donates a hydrogen bond to the C4 = O carbonyl of the flavin. Both orientations of the glutamine sidechain are found in the known crystal structures of BLUF domains, but neither has been convincingly demonstrated using structural data alone (19, 27, 28) . The X-ray datasets of OaPAC (dark-state PDB 4YUS, and this work PDB 5X4T) allow the atomic temperature factors to be refined and imply that the Oe1 atom of Gln-48 receives a hydrogen bond from the Tyr-6 hydroxyl group throughout the photocycle. This inference matches the conclusion from FTIR studies of TePixD (29) and AppA (30) , which show that a hydrogen bond donated by the tyrosine to the glutamine oxygen becomes stronger on photoactivation. The oxygen-oxygen distance in the OaPAC X-ray models falls from 2.82 Å in the dark state to 2.69 Å after illumination, but the difference is barely significant, given the atomic positional error. The tyrosine donates an electron to the flavin on photoactivation (31), which makes it a better hydrogen bond donor. The conformation of the glutamine is similar to that found in dark-state models of TePxD (11), BlrB (32) , and AppA (24), and allows the Gln-48 Ne1 atom of OaPAC to form a hydrogen bond with Met-92 Sδ, although that sulfur atom has a high temperature factor in the dark-state OaPAC model (PDB 4YUS). The flavin receives a proton as well as an electron when excited, and Gln-48 Ne1 is found to move slightly from the N5 atom of FMN on photoactivation of OaPAC (dark state 3.16 Å, active 3.53 Å). This shift suggests that the glutamine receives a proton from the tyrosine and loses one to the flavin, giving the tautomeric (imidic) form suggested by spectroscopic and computational analyses, but requiring only very modest sidechain rotation (15, 18, 27, 28, (33) (34) (35) . The hydrogen bonding pattern around the flavin may change as shown in Fig. 5 to yield the shortlived biradical form. It remains unclear how the imidic tautomer is maintained for any length of time, given the roughly 40 kJ/mol higher energy (36) , but the stronger hydrogen bonds formed by Gln-48 with Tyr-6 and the flavin must offset the energy cost to some extent, as will the stronger Asn-30 hydrogen bonds to the chromophore. Different BLUF proteins show different behavior if the conserved tryptophan is replaced with phenylalanine or alanine, with recovery of the dark state being accelerated in some cases and retarded in others, but dark-state activity is increased (23, 37, 38) . A similar pseudolit state is found if the key methionine is replaced with alanine, which can also be explained by a change in the relative stability of different orientations of the tryptophan sidechain at the protein surface (16, 38) . Some BLUF domains show alternative conformations with either the conserved methionine or tryptophan close to the flavin. The relative importance of these Trp in and Trp out conformations of BLUF domains remains a major topic of debate, and different studies have suggested that the tryptophan sits adjacent to the chromophore in either the dark (20) or illuminated state (24, 28) . Schlichting and colleagues have proposed that photoactivation of BlrP1 and AppA involves flipping the conserved methionine from the flavin pocket to the protein surface, swapping places with the tryptophan (7, 24) . Our crystal structures of the integral OaPAC dimer offer no support for any physiological role of the Trp in /Met out conformation, in agreement with spectroscopic studies on AppA (31, 39) and SyPixD (slr1694) (40) . Different BLUF proteins may well show independent characteristics, and AppA is known to show a limited red shift in crystallo, as mentioned above (24) . The OaPAC models suggest that a minor change of Trp-90 conformation on the protein surface affects the hydrogen bonding pattern of the neighboring Gln-93 and Arg-106B (Fig. 2E) . Although the electron density for the sidechain of Arg-106 is poor for both the dark-state and photoactivated models of OaPAC, there is no hint of any change in secondary structure in this region. Recent isotope-edited FTIR spectroscopic studies of photoactivation in SyPixD have indicated a change in hydrogen bonding and stiffening around the end of the β5 strand and α3 helix, possibly as a result of a register shift in the β-sheet (40). The structure of photoactivated OaPAC highlights the same region, but suggests that the vibrational changes arise from much less drastic structural rearrangement. Likewise the photoactivated OaPAC model does not show any new flavin hydrogen bonds compared with the dark state, merely stronger ones, and favors a constant relative position of the tyrosine and glutamine, so that the former donates a hydrogen bond to the Oe2 atom of the latter in both the dark and light states.
Several single-residue mutations in OaPAC and its homolog bPAC have been shown to prevent photoactivation. The conserved Tyr-125 of OaPAC, at the junction between the α3 helix and the AC domains, forms an intersubunit hydrogen bond with Asn-256B (8) . OaPAC(Y125F) and OaPAC(Y125C) show no activity, yet OaPAC(Y125S) behaves normally. The crucial role of the coiled coil is shown by the inactivity of OaPAC having Leu-111 and Leu-115 at the helix interface replaced with alanines; these residues are unmoved on photoactivation, although Leu-111 adopts a different rotamer in the light-and dark-state models. On the other hand OaPAC(L112V) shows constitutive activity (8) . bPAC is clearly very similar to OaPAC, with a high level of sequence identity throughout the entire protein chain. were soaked in the dark for 24 h. Some crystals were exposed to blue light for 20 min before being removed from the buffer ("light buffer"). Other crystals were kept in the dark before separation from the buffer. cAMP levels in the buffer were tested before ("dark-buffer D") and after ("dark-buffer L") light exposure. The protein crystals were dissolved to determine the amount of protein present.
(B) cAMP level in each buffer sample. Only buffer that held an OaPAC crystal exposed to light showed significant cAMP. The overall protein concentrations (crystal plus buffer) were 87 μM and 91 μM, respectively, for the crystal exposed to light and the crystal held in the dark. Only buffer that held an OaPAC crystal exposed to light showed significant cAMP. Three independent experiments were performed. (C) Western blot of a redissolved crystal and each buffer sample, using antibody specific for OaPAC. No protein was detected in any buffer sample from which the crystal had been removed, showing all enzyme activity must come from protein within the crystal. FTIR spectra of bPAC, which they interpreted as indicating a major transformation from random coil to helical, and suggested this possibly created a functioning active site (38) . Our results appear to rule out any such marked rearrangement, in OaPAC at least. On the basis of the photoactivated OaPAC model, the FTIR spectra of bPAC can be understood to indicate a stiffening of the coiled coil at the N-terminal end, which is sensed at the AC domain. Examples are known of very strong spectroscopic changes or ligand affinity changes that are quite invisible to high-resolution X-ray crystallography, such as human hemoglobin with the effector-bound R45 (41) . Protein vibrational modes can respond to stimulation much more rapidly than overall conformation changes and carry a signal through the structure with minimal differences in time-averaged atomic positions. First proposed in 1968 (42), such effects have become increasingly recognized (43) , and OaPAC appears to be a further example, demonstrating the importance of protein vibration to function. Furthermore, as a small, blue-light sensitive system of known structure, OaPAC provides the chance to create new photoactivated proteins with different functions and catalytic properties.
Materials and Methods
Detailed information on methods is provided in SI Appendix, SI Materials and Methods. Expression of OaPAC protein, data collection, and structure analysis are described in SI Appendix, SI Materials and Methods. In vitro assays, solution spectroscopy, and single-crystal spectrophotometry experiments are detailed in SI Appendix, SI Materials and Methods.
